Reentrant volume phase transition of hydrogel wall membrane of microcapsules (MC) was first observed using MC suspensions consisting of poly(L-lysine-alt-terephthalic acid) wall and aqueous inner and outer solutions with different pHs. To analyze the dynamics of the reentrant phase transition, we extended the theory for the swelling and the shrinking dynamics of the microcapsule gel (Langmuir 2003, 19, 4051-4054). In the theory, the microcapsule size and the force constant for the driving force which give rise to the size relaxation were chosen as the thermodynamic variables. The time course of the cross-sectional area of the microcapsules fitted well to the theoretical equations, and the time constants determined as the fitting parameters were discussed in terms of the force constant relaxation and the size relaxation.
I. Introduction
The reentrant phase transition has been observed in a variety of phase transitions such as ferromagnet-spin glass transition, insulator-metal phase transition, first-order phase transition of superconductivity, nematic-smectic phase transition, solvent-induced phase transition and multiphase phase transition of polymer solutions, and solid-liquid phase transition of ionic colloidal dispersions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The mechanism of the reentrant phase transition has been discussed in terms of each characteristic interaction force.
Recently, multiple reentrant phase transitions were observed in both ionic and nonionic gels between the swollen and collapsed states. The unique behavior of the gel volume was attributed to a combination of hydrogen bonding and hydrophobic interactions between constituent polymer segments and analyzed by a mean field theory [11, 12] . The dynamics of the reentrant transition, however, has not been studied yet. When we use the conventional bulk gels, it is difficult to cover the whole time course and the pathway of the gel characteristic properties because it takes time consuming to reach the equilibrium state. Thin hydrogel membranes of microcapsules has an advantage for the study of the dynamics because of their large surface area/volume ratio [13] . Furthermore, a unique phase transition dynamics of microcapsule gel membranes in both swelling and shrinking processes were explained by a single equation at different initial conditions [14] . The equation was derived by a theory assuming linear relationships for the rate of the change in the net charge and the cross sectional area against the differences from each equilibrium value. Thus, it is very interesting to apply the theory to the reentrant volume phase transition consisting of both swelling and shrinking processes. In this study we measured the reentrant volume phase transition of Poly(L-lysine-alt-terephthalic acid) (PPL) wall membranes of microcapsules [13, [15] [16] [17] . The PPL wall membrane has an isoelectric point at pH 2.3. The volume of the membrane takes the minimum around pH 4.5 (collapsed state), where a complex polyion structure is assumed to be formed [15] . There exist excess carboxylic groups above pH 4.5
and excess amino acid groups below pH 4.5 in the membrane. Swollen states appear at both high pH and very low pH. In a previous paper [14] , we analyzed the dynamics between pH 4.5 and high pH, but the same picture should be applicable to the dynamics between very low pH and pH 4.5.
This condition results in the reentrant phase transition by pH change between pHs above and below 4.5. The previous theory was extended to involve reentrant phase transition and utilized to analyze the experimental data.
II. Experimental results
PPL microcapsules containing water were synthesized by an interfacial polycondensation reaction and dispersed in distilled water as described before [15] . An appropriate amount of buffer solution was added to it to obtain suspensions at a constant ionic strength of 0.1 and at desired pHs. As the salts in the buffer solution can easily pass through the membrane, the dispersing medium outside and inside of the microcapsule membranes is assumed to be the same after rinsing the microcapsules with desired dispersing media for 24 h.
The distribution of the outer radius r 0 of the microcapsules were measured for microcapsules at pH=4 by using a single particle light scattering method [13, 18] . was linearly proportional to r 0 , and the proportional coefficient was (7.5 ± 0. 
III. Theoretical Approach
After we briefly summarize the theory for the shrinking and the swelling of the microcapsule gel discussed in the previous paper [14] , then we extends it to deal with the reentrant behavior.
Brief survey of theory for time development for shrinking and swelling processes
The theory is based on the idea that the swelling and the shrinking are resulted from the competition between the elasticity and the charge repulsion of the membrane [14] . The elastic property is described in terms of the size; the cross sectional area is chosen as the variable expressing the size. The electric property is described by an introduction of "effective charge".
Then, the thermodynamic state of a microcapsule is assumed to be expressed by the two parameters, the "effective" charge of the membrane q and the cross sectional area S of the microcapsule.
Note that the cross sectional area is observed directly but the effective charge is not. Therefore, to compare the theoretical result with the experimental one, it is required that the final theoretical result is expressed in terms of only the cross sectional area.
On the basis of the conventional non-equilibrium thermodynamics, the relaxation process is expressed by the time development of the thermodynamic quantities q and S . 
where el K and c K are positive force constants. The collapsed state is a quite special state. The presence of the lag time shows the high stability of this state. As discussed in the previous paper, the swelling process from the collapsed state is quite slow. This means that the repulsion force due to the membrane charge at the collapsed state is very small. Since the magnitude of the charge repulsion is expressed by the magnitude of the effective charge, we can define the collapsed state by 0 q . The high stability requires that the driving force for the size should disappear at the collapsed state. In order that the driving force satisfies this requirement, the force constant el K should be a function of q and vanish at 0 q . The simplest expression of el K is given by
where 0 K is a positive constant. For the effective charge, there are no special states at which the driving force vanishes. Then, the force constant c K can be expected to be independent of q and S .
The time development equation expressing the relationship between the time t and the thermodynamic quantities ) (t q and ) (t S is given by the simultaneous equations in terms of the driving forces;
where f is the frictional coefficient and C is the kinetic coefficient for the effective charge.
The constants K and are given by f K K / 0 and C C K , respectively. The solution of the simultaneous equations of (4) and (5) 
where eq el K is the force constant at the final equilibrium state.
The simultaneous equations of (7) and (8) 
The initial state of the reentrant process at low pH, the collapsed state and the final state at high 
The function ) (t S shown above is convex downward. As discussed in the previous paper, the size S can not reach the collapsed size 0 S even in the limit t in the shrinking process, since the mechanisms inducing slower dynamics are neglected [14] . This merely shows that it takes quite a long time for the microcapsules to shrink completely. For Process II, 
The function ) (t S is an S-shaped increasing function. The properties of the functions (10) for Process I and (11) for Process II qualitatively agree with the experimental results shown in the previous section.
Eliminating the time t from eqs. (10) and (11), we have the pathway of the reentrant behavior on el K -S plane. The pathway is given for Process I by
and for Process II by
The curves expressing the shrinking process and the swelling process are different in the diagram, since these processes are done in non-equilibrium.
IV. Analysis of Experimental Results
The experimental data for Process II (the swelling process) are quantitatively analyzed on the basis of the theory, in contrast that Process I (the shrinking process) is hard to be analyzed on account of rapid relaxation. For convenience in the analysis of the swelling data, we introduce two time , where C and M , respectively, correspond to the relaxation times of the force constant (the effective charge) and the microcapsule size. In terms of the time constants, we rewrite eq. (11) as
The inflection point of S-shaped increase of S(t) is given by In conclusion, a reentrant volume phase transition, swollen-collapsed-swollen phase transition, was first observed for microcapsules with hydrogel membrane. The phenomenological theory previously developed was extended to cover the reentrant phase transition by introducing a new aspect that force constant of the driving force for the size change was regarded as a dynamic constant. The entire volume behavior is explained using the theory qualitalively. The size and quench depth dependence of the relaxation time M in the swelling process observed and predicted from the theory agree fairly well. 
